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Available online 5 September 2011Abstract Limitations to the in vivo study of human nervous system development make it necessary to design an in vitromodel to
evaluate the in vivo effects of surrounding tissues on neurogenesis and regional identity of the human neural plate. Rostral neural pro-
genitors (NPs) were initially generated from adherent human embryonic stem cells (hESCs) in a defined condition and characterized.
Then, to find the role of somites (S) and notochords (N) in rostro-caudal (RC) and dorso-ventral (DV) patterning of neuronal cells, NPs
were co-culturedwithmicroencapsulated chicken S or N in alginate beads. In this study, N inducedmore neurogenesis as evaluated by
expression of TUJ1 and MAP2-positive cells. Additionally, N induced spinal cord ventral brachiothoracic identity as well as NPs prolif-
eration. We observed a synergic effect on motoneuron induction when S and N were used together. Moreover, S induced hindbrain
identity in differentiated neuronal cells from NPs. These results indicate that highly enriched NPs can be generated in an adherent
and defined system from hESCs. Moreover, S and N tissues highly influenced neuronal differentiation in point of proliferation, neuro-
genesis, and RC and DV regional identity. These results indicate a very simple and efficient protocol to mimic in vivo events of human
neural development in vitro which is important in the context of developmental neuroscience and cellular replacement therapies.
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In the process of neural induction, a portion of ectodermal cells
is influenced by signals from surrounding tissues [e.g., somites
(S) and notochord (N)] which enable them to create neural ecto-
derm (Jones & Woodland, 1989; Hemmati-Brivanlou et al.,
1990; Vincent Tropepe et al., 2001). Later, this neuroepithelia
develops into the neural plate, fold and tube which contribute
to the formation of the central nervous system (CNS) of whichlsevier B.V. All rights reserved.
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tinct classes of neural progenitors (NPs) that will compose the
forebrain,midbrain, hindbrain, and spinal cord. The initial neu-
roepithelial cells have a default forebrain or rostral identity
that are differentiated, patterned, and specified into caudal
neural cells by signals secreted from surrounding tissues such
as the somites, notochord and dorsal ectoderm after a period
of time (Pankratz et al., 2007; Stern, 2001). Early neuronal pat-
terning has been retrieved largely from studies using Xenopus,
chicks, and mice (Londin & ER, 2005; Weinstein, 1997; Wittler,
2004). However, neuronal patterning is still not completely un-
derstood in human. It remains to be determined as to how NPs
are specified, distributed and become restricted to certain ma-
ture neurons over time along twomajor axes: rostrocaudal (RC)
and dorsoventral (DV) (Temple, 2001).
Recently, the properties of self-renewal and pluripotency of
human embryonic stem cells (hESCs) have paved the path for
such studies (Koch et al., 2009; Yiping Yan et al., 2005). The
in vitro differentiation of hESCs to neuronal cells serves as a
model for study of early human neuronal development, and it
also potentially offers an unlimited cell source for drug screen-
ing and cell-based therapies. Additionally, one of the major
challenges in these areas is the development of a reliable proto-
col for the pre-differentiation of hESCs into specific neuronal
phenotypes (Barberi et al., 2003; Bjorklund et al., 2002;
Hoane et al., 2004; Kim et al., 2002). So, it is essential to imi-
tate some of the in vivo patterning events and develop strate-
gies for directed differentiation of hESCs into specialized cell
types, such as subtypes of NPs and motor neurons (MNs). Previ-
ously, we have studied co-culture effect of S and N isolated
from chicken embryos on the neuronal differentiation and re-
gional identity of an adherent culture of hESCs (Hossein Salehi
et al., 2011) and mouse ESCs-derived embryoid bodies (EBs)
(Sagha et al., 2009a; Baharvand, 2009).
Given the very limited reports on the effects of N and S on
neurogenesis aswell as RCandDVpatterning of the humanneural
plate, herein we investigated an N and/or S co-culture model for
its ability to direct the differentiation of rostral hESC-derived NPs
(hESC-NPs) into neuronal cells and, the differentiated neurons
were evaluated for regional specific identity in vitro. Rostral
NPs were generated from hESCs in feeder-free adherent condi-
tions and defined medium supplemented with a BMP inhibitor,
Noggin, before being co-cultured with alginate bead-encapsulat-
ed N and S isolated from stages 9 to 12 chick embryos.Results
Derivation and propagation of rostral hESC-NPs
The process of neural induction was described in detail in
Fig. 1A. For the derivation of enriched preparation of NPs
with rostral identity, four-day cultured feeder-free hESCs
(stage 1, Figs. 1Aa) were induced to neuroectodermal cells by
Noggin, a BMP inhibitor, and reducing the concentration of
KSR to 5% during 12 days. During this period, some rosettes
appeared around themiddle of the colonies (Figs. 1Ab). There-
after, the cultures were continued in the absence of Noggin for
five more days (stage 2). At the end of stage 2, rosettes abun-
dantly appeared in the outer margins of the colonies and cells
organized into neural tube-like rosetteswith lumens (Fig. 1Ac).
At day 21, cells were exposed to bFGF for 6 days to increaserosette structures (stage 3, Fig. 1Ad). Subsequently, the mar-
gin rosette structures weremanually isolated under phase con-
trast microscope and cultured in expansion medium
supplemented with bFGF and EGF on PLO/lam-coated plates
for 5 days (Fig. 1Ae, stage 4). Cells were then passaged using
TrypLE and cultured under the same conditions to produce a
population with homogeneous morphology (Fig. 1Af, stage 5).
This culture was considered as passage 1 NPs (P1NPs). Cultures
were subsequently passaged every 6 days using TrypLE and
plated at a 1:2–1:3 ratio in the same conditions.
Under these growth conditions, generated adherent P1NPs
cultures stained uniformly for NESTIN and SOX1, NP markers
(Fig. 1B); whereas a few numbers expressed the neuronal
marker microtubule-associated protein 2 (MAP2) and GFAP,
an astroglial marker (Fig. 1B). A quantification of the immuno-
fluorescence experiment of generated NPs revealed high per-
centages of cell populations that expressed NESTIN and SOX1
compared to passage 13 NPs (P13NPs, Fig. 1C).
Contamination by undifferentiated hESCs or derivatives
of other germ layers was not observed morphologically.
Moreover, the expressions of OCT4 and NANOG (undifferen-
tiated pluripotency markers), CDX2 (a trophectoderm mark-
er), FOXA2 and SOX17 (endodermal markers) and GATA4 and
BRACHYURY (mesodermal markers) were not detectable in
NPs during different passages (Fig. 1D).
To assess the differentiation potential of hESC-NPs, cells
were differentiated at passage one by growth factor with-
drawal. After 15 days, hESC-NPs spontaneously differentiat-
ed into neurons and astrocytes, a property consistent with
normal multipotent NPs (Fig. 1E). The differentiated cells
produced long processes and expressed neuronal specific
marker MAP2, and GFAP for astrocytes (Fig. 1E).In passage 13 the expressions of TUJ1 (intermediate neu-
ronal marker), MAP2, and GFAP were visible (Fig. 1F, Sup-
plementary Fig. 2).
Positional identity and specification of the
NP population
To evaluate the regional identity of hESC-NPs during RC and
DV axes, the expression of region specific transcription fac-
tors in hESC-NPs cultured for passages 1 and 13 was studied
by RT-PCR (Figs. 2A and D). The expression of forebrain–ros-
tral midbrain markers, OTX2 and PAX6 was detected in P1
and P13 by RT-PCR. However, the expressions of EN1 (caudal
midbrain marker), EGR2 and HOXB4 (hindbrain markers) and
HOXC5 (a cervical spinal cord marker) were detected only in
P13. The transcription factors representative of spinal cord
(brachiothoracic and lumbosacral identities), HOXC8 and
HOXC10, in both passages were not detected.
Immunofluorescence staining of P1NPs showed that the vast
majority of these cells were positive for OTX2 and PAX6 at the
protein level (Fig. 2B). Flow cytometry analysis demonstrated
that 91.4±2.6% and 73.4±3.1% of the cells were positive for
OTX2 and PAX6 in P1NPs, respectively (Fig. 2C). HOXB4-positive
cells were not detected in P1NPs (Figs. 2B, C).
In the DV axis, hESC-NPs (P1 and P13) expressed tran-
scription factors indicative of a ventral identity, such as
IRX3, PAX6, and OLIG2 (Figs. 2D, E) while P13NPs with the
expression of NKX6.1 achieved more ventral identity.
These NPs did not express PAX7 as a dorsal marker and
NKX2.2 as the most ventral marker (Fig. 2D).
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tion factors mostly compatible with a forebrain and rostral
midbrain identity that were named rostral P1NPs (rP1NPs)
while P13NPs expressed vast range of genes from the fore-
brain to approximately the middle of the brachial part of
the spinal cord. Considering the default model with rostral
or anterior identity, more expression of NP markers (NESTIN
and SOX1) and less differentiation neural markers, MAP2 and
GFAP (Fig. 1, Supplementary Fig. 2), rP1NPs therefore were
used for the continuation of additional neural patterning
studies with co-culture.Positional identity and specification of the
rP1NPs-derived mature neuronal cells after
co-culture with S and N
In order to assess the effects of S and N on proliferation as
well as the RC and DV regional identity of human NPs and de-
rived neurons, two days cultured rP1NPs were continued to
culture either alone (control group, C) or in the presence
of alginate beads [encapsulated with S, N, or both (S/N)]
which had been derived from stages 9 to 12 chicken embry-
os, up to day 9 in neural differentiation medium. The co-cul-
ture procedure is outlined in Fig. 3A. The beads were
subsequently removed from the plates and induced NPs
were allowed to undergo additional differentiation in neural
differentiation medium for an additional of 5 days (Fig. 3A).
We observed that cell proliferation increased in the pres-
ence of N or S/N. Therefore, the MTS analysis at three day
co-culture revealed that NPs had significantly higher prolif-
eration in the presence of N when compared to the C and
S groups (Pb0.001, Fig. 3B).
The differentiated cells produced long processes and
expressed TUJ1 and MAP2 and GFAP as detected by RT-PCR
and immunostaining (Figs. 3C and F). A quantification of the im-
munofluorescence experiment of neuronal cells showed that
more TUJ1- and MAP2-positive cells were demonstrated in the
presence of either N or S/N in comparison with the C and S
groups (Fig. 3G, N vs. C, Pb0.05; S/N vs. C and S for TUJ1,
Pb0.01; N vs. C and S, Pb0.05; S/N vs. N, Pb0.01; S/N vs. C
and S for MAP2, Pb0.001). This suggested the in vivo neurogen-
esis potential of N and S/N on NPs in the neural plate. However,
the effect of S/N was more than either N or S alone.
To evaluate the regional identity of neuronal cells, the
expression of region specific transcription factors in P1NPs-
derived neurons cultured in different groups was studied
(Figs. 3D, E, F, and H). RT-PCR analysis showed the expres-
sion of EGR2 (rhombomeres 3 and 5) and HOXB4 (rhombo-
meres 6 and 7) in the S group, HOXC8 in the N and S/NFigure 1 Generation and characterization of hESC-NPs. Schematic
day 4 (a), formation of crater including rosettes 5 days after inductio
the colony (c), high numbers of rosettes in the outer margin due to pro
of rosette structures (e), and NPs from passage 1 (f). Immunofluoresc
and few MAP2- and GFAP-positive cells (B). Quantitative immunosta
SOX1-positive cells in P13NPs (n=6, c: Pb0.001) (C). RT-PCR analysi
doderm and mesoderm lineages (D). Phase contrast photomicrograph
nostaining revealed differentiation of P1NPCs to mature neurons andgroups and OTX2 in groups (Fig. 3D). Real time RT-PCR anal-
ysis of differentiated cells demonstrated that transcripts of
OTX2 were down-regulated in the co-culture groups
(Fig. 3E, at least Pb0.05). Moreover, the expression of
HOXB4 up-regulated significantly in the presence of S
(Pb0.05) when compared to differentiated cells in the C, N
and S/N groups (Pb0.05). In addition, the expression of
HOXC8 up-regulated significantly in the presence of N or S/
N (Pb0.001) when compared to differentiated cells in the
C and S groups (Fig. 3E).
Immunostaining analysis showed the expression of these
markers at the protein level (Fig. 3F). Quantitative analysis
of the immunostaining results confirmed the real time RT-
PCR results and showed that a lower percent of TUJ1 posi-
tive cells were OTX2 positive in the presence of all co-cul-
tures (Fig. 3H, at least Pb0.01). In comparison with the
other groups, higher percentages of differentiated cells
were positive for HOXB4 in the presence of S only
(Pb0.001). Additionally the HOXC8/TUJ1 positive cells in-
creased in either the N or S/N groups when compared to
the C or S groups (Pb0.001, Fig. 3H). Therefore, it seems S
caudalized rP1NPs to hindbrain neurons while N and S/N
gave brachiothoracic (equivalent to cervicothoracic in
human) spinal cord positional identity to rP1NPs.
In the next step, the effect of N and S on DV patterning of
P1NPs was assessed (Fig. 4). In the presence of N, the dorsal
markers PAX7 and PAX2 were completely suppressed or sig-
nificantly down-regulated in the NP-derived neuronal cells
while in C and S groups these dorsal markers expressed
(Figs. 4A and B). However, in the presence of S alone their
expression remained unchanged (Figs. 4A and B). In contrast,
the ventral markers IRX3, PAX6, OLIG2, NKX6.1, NKX2.2,
EVX1, EN1, CHX10, HB9, ISL1, ISL2, LHX1, and LHX3 were
strongly up-regulated in the presence of N or S/N.
Immunostaining analysis showed that TUJ1-positive
cells contained 67.3±2.6% and 60.2±6.1% PAX7-positive
cells in the C and S groups, respectively, which indicated
that its expression remained unchanged in the presence
of S when compared with the C group, however N pre-
vented dorsalization of P1NPs (Fig. 4F). Additionally,
TUJ1-positive cells contained 29.4±4.1% and 48.1±10.6% of
HB9+, and 22±4.4% and 38±4.7% of ISL1+, as generic MN
markers, in the N and S/N groups, respectively (Figs. 4D and
F). Immunofluorescence analysis of TUJ1-positive cells con-
tained HB9, ISL1 and LHX1 (a subtype of MNs) and the lateral
MN columnmarker showed themost positive cells to be located
in the S/N group (at least Pb0.01, Fig. 4F). Furthermore, the
expression of CHX10 and OLIG2 was significantly increased in
the N group when compared with the other groups (at least
Pb0.05, Figs. 4 E, F).illustration of hESC-NPs generation protocol (A), hESC colony at
n around the crater (b), rosette formation in the outer margin of
liferation (d), replated rosettes 2 days after mechanical isolation
ence staining of P1NPs indicated expression of NESTIN and SOX1
ining showed a similar percentage of NESTIN, but a reduction in
s of P1NPs and P13NPs for markers of hESCs, trophectoderm, en-
showed neural spontaneous differentiation of P1NPs (E). Immu-
astroglial cells (E). RT-PCR analysis of NPs for neural markers (F).
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ferentiated in the C or S groups have more dorsal identity while
they have more ventral and MN-like identity upon exposure to
N. Moreover, N and its interactions with S (S/N group) influ-
enced the NP regional identity and produced generic MNs-like
neural cells with their subtypes.Discussion
Generation of rostral hESC-NPs
Here, we have demonstrated that NPs can be efficiently pro-
duced from hESCs in feeder-free adherent conditions and
124 H. Salehi et al.defined medium supplemented with a BMP inhibitor, Noggin,
but without the formation of EBs. The protocol for differenti-
ation of hESCs to NPs, included rosette structures which were
previously identified as typical NPs (Vincent Tropepe et al.,
2001; Kai-Christian Sonntag et al., 2007; Lesley Gerrard &
Wei, 2005; Pavel Itsykson et al., 2005). NPs' markers, NESTIN
and SOX1 showed high levels of expression in the astrocyte
cell protein, GFAP and neuronal protein MAP2 were minimally
expressed. hESC-NPs efficiently differentiated into neurons
and glials which suggested the multipotency of generated
NPs. At the same time we found that expression of pluripo-
tency markers along with other mesodermal and endodermal
lineages was not detected in hESC-NPs. These NPs are compa-
rable with previously published reports on hESC-NPs which
have been generated using spontaneous differentiation by EB
formation (Reubinoff et al., 2001; Zhang et al., 2001), direct-
ed differentiation by RA (Schuldiner et al., 2001), conditioned
medium (Shin et al., 2006), co-culture (Perrier et al., 2004),
Noggin (Hatami et al., 2009) and small molecules (Chambers
et al., 2009).
We further characterized the RC positional specification of
generated NPs and demonstrated controlled differentiation of
these cells into specific classes of CNS neurons. The obtained
P1NPs acquired mostly rostral or anterior characteristics and
greater than 90% and 70% of the NPs were positive for OTX2
and PAX6, respectively. These results corroborate previous re-
ports which have demonstrated that the majority of generated
NPs express rostral neural markers (Pavel Itsykson et al., 2005;
Isabelle et al., 2006). However, we have found that in the pres-
ence of bFGF, the rostral positional identity of hESC-NPs would
caudalize, as verified by expression of EN1, EGR2, HOXB4 and
HOXC5 when passaged further. It has been demonstrated that
bFGF treatment induces caudalization of neural tissues (Koch
et al., 2009). However, bFGF removal from expansion medium
led to substantially lower proliferation and finally death of NPs
(data not shown).
It has been proposed that primarily neuroepithelial cells
have a default forebrain or rostral identity and are subse-
quently caudalized to the mid-/hindbrain and spinal cord
fates in a gradient fashion which is termed the activation/
transformation model (Vincent Tropepe et al., 2001; Liu et
al., 2001; Kiecker & Niehrs, 2001). In this model, the signals
secreted by adjacent tissues pattern the neural plate along
two major axes: RC and DV (Pankratz et al., 2007; Stern,
2001; Liu et al., 2001; Kiecker & Niehrs, 2001; Nieuwkoop
& PD, 1954; Briscoe et al., 2000; Briscoe & Ericson, 2001).
Dorsal ectoderm and N secreting BMPs and sonic hedgehog
(Shh), respectively, are the major tissues acting along
the DV axis (Briscoe & Ericson, 2001; Helms & J. E., 2003;
Jessell, 2000), while S secreting retinoic acid (RA) and
regressing primitive streak/Hensen's node region secreting
FGFs and Wnts are the major tissues that act along the RC
axis (Diez del Corral & Storey, 2004). Therefore, to imitate
in vivo neuronal patterning events in vitro, we continued
our experiments to determine the role of S and N in RC and
DV patterning with P1NPs by co-culturing the cells withFigure 2 Positional identity and specification of the hESC-NPs po
P1NPs (A). Rostral identity was confirmed by immuno co-staining for
metry histograms of OTX2, PAX6 and HOXB4 showed rostral identity o
P1NPs and P13NPs (D). Immunostaining of P1NPs for OLIG2, a MN mamicroencapsulated chicken S or N in alginate beads. Co-cul-
tures are commonly used to study the interactions between
different tissues (Sugie et al., 2005). Through this procedure,
while S and N explants remained viable and functional in the
bead, they were kept isolated from NPs and their secreted
molecules diffused out into the environment (Erstesvag &
Valla, 1998; Skjak-Braek & Smidsrod, 1990).
The effect of chicken somites and notochords on
proliferation and differentiation of hESC-NPs
First, we demonstrated that in co-culture groups, the num-
ber of NPs increases in the presence of N. In agreement
with this observation, it has been demonstrated that N-de-
rived signals can regulate neuroepithelial cell proliferation
(Placzek & M, 1993; Van Straaten HW et al., 1989) and in
the absence of N the size of the neural tube decreased in
chick embryos (Freitas et al., 2001; Van Straaten & Hekking,
1991). This role could be related to Shh signaling (Jordi
Cayuso et al., 2005; Wijgerde et al., 2002) or factors such
as acidic and basic FGF and transforming growth factor-β2
(TGF-β2) which is released from N (Placzek & M, 1993).
Additionally, we found that neuronal differentiation of
NPs was increased in the presence of N and S/N, but not S
co-cultures. Previously, we have demonstrated that the co-
culture of chicken embryo N alone possesses neural inducing
activity on adherent hESCs (Hossein Salehi et al., 2011) but
does not, at least in RA-pretreated mouse ESCs or mouse
ESC-NPs (Anjomshoa et al., 2009a). However, the S have a
weak neurogenic effect on adherent hESC (Hossein Salehi
et al., 2011) and mouse ESC-derived EBs (Sagha et al.,
2009a). The mechanism of N and S/N interaction on neural
differentiation is not clear, but this neurogenic effect may
be related to their secretions such as RA, Shh, and BMPs an-
tagonists such as chordin, follistatin, and Noggin (Diez del
Corral & Storey, 2004; Maden, 2006; Lewis, 2006; Prince et
al., 1998; Itasaki et al., 1996a; Deschamps & van Nes,
2005; Niederreither et al., 2000; Gould et al., 1998a; Dupe
& Lumsden, 2001).
The effect of chicken somites and notochords on
regional identity of rostral NP-derived
neuronal cellsThen, to specify the rP1NPs-derived neuronal population types
obtained after co-culture with S and N, the expressions of
some HOX genes involved in CNS differentiation were evaluat-
ed. S and N generated down-regulation of rostral transcription
factor, OTX2, and up-regulation of the caudal gene, HOXB4 in
the S group and HOXC8 in the presence of N at both the RNA
and protein levels. Therefore, in response to S and N, cells
with rostral determination were specified to hindbrain and
brachiothoracic-like neurons (Fig. 5A). Culturing rP1NPs with
S resulted in caudal hindbrain identity (EGR2 and HOXB4pulation. RT-PCR analysis in RC axis revealed rostral identity of
OTX2/NESTIN, PAX6/NESTIN and HOXB4/NESTIN (B). Flow cyto-
f P1NPs (C). RT-PCR analysis in DV axis showed ventral identity of
rker (E).
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126 H. Salehi et al.expression), which is in concordance with previous in vivo re-
ports (Alex Gould & Krumlauf, 1998; Gayana et al., 2009). In-
deed, HOXB4 was observed once S from the rostral spinalcord level of stage 8 chicken embryos was transplanted in
the vicinity of the anterior neuronal tubes or anterior to the
otic vesicle. This effect was further potentiated once more
127Regional Specific Identity of hESC-NPs by Notochord and Somiteposterior somites (after 5th S) were used (Gould et al., 1998b;
Itasaki et al., 1996b). These results further confirmed our pre-
vious works with adherent hESC and mouse ESCs-derived neu-
ronal cells in which expression of HOXB4 was observed upon
co-culture with chicken S (Hossein Salehi et al., 2011; Sagha
et al., 2009b). Surprisingly, such positional identity was not
observed once rP1NPs were co-cultured with the S/N
group which possibly suggests that N may have an inhibitory
effect on the expression of HOXB4 by S. It is well established
that S induce hindbrain identity with ERG2 and HOXB4 expres-
sion via the RA pathway (Alex Gould & Krumlauf, 1998; Gayana
et al., 2009; Valérie Dupé, 2001) and indeed, there are several
reports indicating that paraxial mesoderm and newly formed S
secrete retinoids and BMP antagonists (Diez del Corral & Sto-
rey, 2004; Maden, 2006; Lewis, 2006; Prince et al., 1998; Ita-
saki et al., 1996a; Deschamps & van Nes, 2005; Niederreither
et al., 2000; Gould et al., 1998a; Dupe & Lumsden, 2001),
and by this approach promotes the expression of Hox genes
characteristic of the rostral levels of the spinal cord or hind-
brain (Alex Gould & Krumlauf, 1998; Gayana et al., 2009;
Gould et al., 1998b). Likewise, rosette cells exposed to RA ac-
quire this positional phenotype by demonstrating the expres-
sion profile of caudal genes (Erceg et al., 2008) and the
absence of RA leading to abnormal expression of EGR2 and an
abnormal rhombomere 3 (Niederreither et al., 2000). Also
Raldh2, which converts retinaldehyde into RA, is strongly
expressed in the S adjacent to the hindbrain and cervical spinal
cord (Berggren et al., 1999; Moeller et al., 2003). We have also
previously demonstrated secretion of retinoids by chicken S
(Sagha et al., 2009b). However, the levels of all-trans-RA by
the S are low (10−9–10−10 M) (Maden et al., 1998).
N also induced brachiothoracic spinal cord identity neurons
in the RC axis with HOXC8 expression (Fig. 5A). Previous studies
suggest that the N or axial mesoderm has a role in providing RC
cues to the early neuroectoderm (Doniach, 1993; Michael &
Matise, 1996; Ruiz i Altaba, 1993). Several genes coding for
supposed signaling factors are expressed in the N (Echelard
et al., 1993; Parr et al., 1993; Roelink et al., 1994; Jeh-Ping
Liu & Jessell, 2001) and it has been shown that FGFs, retinoids
and Gdfs appear to regulate HOXC expression profile in the
neural plate (Mathis et al., 2001; Sockanathan & Jessell,
1998). The graded signaling activity of FGFs without interac-
tion with RA andGdf11 induces expression of HOXC8 in the bra-
chiothoracic part of the spinal cord (Jeh-Ping Liu & Jessell,
2001). It is important to note that FGFs are secreted by node
and N (Placzek &M, 1993; Jeh-Ping Liu & Jessell, 2001). In con-
trast, our S/N group also induced HOXC8 expression which may
imply that interaction of FGFs and RA also induces HOXC8 ex-
pression. Our previous study has indicated the HoxC8 expres-
sion in neurons derived from mouse ESCs in the RA group that
is consistent with this possibility (Sagha et al., 2009b).Figure 3 Proliferation, neurogenesis and RC positional identity of t
tration protocol of co-culture with N and S (A). MTS assay indicates th
PCR analysis of differentiated neuronal cells (C and D). Real time RT
up-regulation of HOXB4 in the S group and HOXC8 in the N and S/N g
of differentiated neurons by co-culture as well as representative imm
of rP1NPCs in the N group as well as OTX2, HOXB4 and HOXC8 in the C,
nostaining showed obvious neuronal differentiation (n=5, more than 5
than 500 cells were counted in each group). a: Pb0.05, b: Pb0.01 and c
Significant difference vs. S group. aN, bN, cN: Significant difference vsMoreover, we have examinedwhether the use of S and N co-
cultures permits differentiation of hESC-NPs into specific clas-
ses of CNS neurons in the DV axis.We found that in the presence
of N the dorsal transcription factors, PAX7 and PAX2 down-reg-
ulated, and IRX3, PAX6, OLIG2, NKX6.1, NKX2.2, EN1, EVX1,
CHX10, HB9, ISL1, ISL2, LHX1, and LHX3 (ventral transcription
factors and MN markers) up-regulated at the RNA or protein
levels. This revealed the spinal ventral and MN-like phenotype
of obtained neurons in the N group in comparison with the C
and S groups with more dorsal identity (Fig. 5B). This observa-
tion is consistent with other reports and our previous study in
which it has been shown that grafted or co-cultured N could in-
duce MN specification and ventral identity (Hossein Salehi et
al., 2011; Van Straaten HW et al., 1989; R.K. & Lumsden,
1996; Tanabe & Y, 1996; Yamada et al., 1991; Anjomshoa et
al., 2009b), and in the absence of N, floor plate cells and MNs
did not develop (Jessell, 2000; Van Straaten & Hekking, 1991;
Yamada et al., 1991; Bovolenta & P, 1991; Clarke, 1991; Hirano
& S., 1991; Placzek et al., 1990). N induces ventral neuron
identity within NPs and post-mitotic neurons in vivo by expres-
sion of Shh in a gradient manner (Briscoe et al., 2000; Briscoe &
Ericson, 2001; Leigh Wilson, 2005; Monica Ensini et al., 1998;
Iwasaki et al., 1996). Moreover, our S/N group cells had the
highest expression of HB9 (48.1±10.6%) and ISL1 (38±4.7%) as
generic post-mitotic MN markers and the highest expression
of LHX1 (LIM1) (20.5±4.6%) as LMC marker. This shows that
our S/N co-culture differentiation protocol is an improvement,
when compared with MN differentiation protocols (Di Giorgio
et al., 2008; Shin et al., 2005) that have been used.
Since HOXC8 was expressed in N or S/N only, and HOXC5
and HOXC10 were not expressed in any groups, it seems
that the P1NPs differentiated into spinal cord ventral bra-
chiothoracic identity with MN-like cells similar to subtypes
of MNs, named lateral motor column (LMCl and LMCm) and
medial motor column cells, which innervate dorsal and ven-
tral muscles of the forelimb and axial muscles of this area
(Figs. 5C, D). This event may relate to the interaction of
Shh signaling from N and retinoid signaling from S, which
has been implicated in the induction of MN specifications
(Dritan Agalliu et al., 2009; Christopher & William, 2003).Conclusions
Taken together, here we have demonstrated that highly
enriched NPs can be generated in an adherent and defined
system from hESCs. We have shown that after S/N treat-
ment, neuronal differentiation is influenced in the points
of proliferation, neurogenesis, RC and DV patterning and
NP proliferation. S induced hindbrain identity in the rostral
NPs, while N or S/N induced brachiothoracic spinal cordhe rP1NPs-derived mature neuronal cells after co-culturing. Illus-
e proliferation effect of N on rP1NPs (n=4, c: Pb0.001) (B). RT-
-PCR showed the down-regulation of OTX2 in co-cultured groups,
roups (n=3) (E). Representative phase contrast photomicrograph
unofluorescence staining indicated the differentiation potential
S and S/N groups, respectively (F). (G and H) Quantitative immu-
00 cells were counted in each group) and RC markers (n=6, more
: Pb0.001. aC, bC, cC: Significant difference vs. C group. aS, bS, cS:
. N group. aS/N, bS/N, cS/N: Significant difference vs. S/N group.
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129Regional Specific Identity of hESC-NPs by Notochord and Somiteidentity of which most were generic MNs-like. Additionally,
S/N induced neurons that similar to the MN subtypes, LMC
and MMC. These results indicate a very simple and efficient
protocol that can serve as an experimental tool to study
in vivo patterning and processes involved in human neural
development under in vitro conditions. This is very impor-
tant, particularly in context of in vitro early human neuronal
development, pharmaceutical screening and in cellular re-
placement therapies.
Methods and materials
Ethics statement
Approval for this study was obtained from the Ethical Com-
mittee of Royan Institute under the approval ID of K/87/1045.
Culturing of hESCs and neural differentiation
The hESC line, Royan H5 at passages 50–96, was used in
these experiments (Baharvand et al., 2006). Cells were pas-
saged and maintained under feeder-free culture conditions
as previously described (Pakzad et al., 2010).
The differentiation procedure is outlined in Fig. 1A and di-
vided into five stages as described (Baharvand et al., 2007)
with some modifications. Briefly, feeder-free hESCs were
proliferated in hESC medium for 4 days (stage 1) and subse-
quently induced to neural ectoderm by Noggin (250 ng/ml;
R&D) (Hemmati-Brivanlou et al., 1990; Chambers et al.,
2009; Isabelle et al., 2006) in hESC medium with 10% knock-
out serum replacement (KSR), supplemented with 2% N2 (all
from Invitrogen), for 6 days. Subsequently, for an additional
6 days, they were cultured in the same medium with 5% KSR
and Noggin then allowed to culture for 5 days without Nog-
gin to form neuroectodermal islands with columnar cells
(rosettes) (stage 2). At day 21, cells were exposed to
20 ng/ml bFGF for 6 days to increase the numbers of ro-
settes (stage 3). Rosettes were manually separated from the
surrounding flat cells with a sterile pulled-glass pipette as
viewed under a phase contrast microscope (10×; CKX41; Olym-
pus) and cultured on poly-L-ornithine and laminin (PLO/Lam)-
coated plates in the same medium which contained bFGF
(20 ng/ml), EGF (20 ng/ml), 2% N2, and ascorbic acid
(0.2 mM, Sigma-Aldrich, A4544) as the neural expansion medi-
um for 5 days (stage 4). For coating, PLO (15 mg/ml, Sigma-Al-
drich, P4957) was overlaid on the plates overnight at 4 °C.
After removing PLO plates incubated again with laminin
(1 mg/ml, Sigma-Aldrich, L-2020) for 1 h at 37 °C. PlatesFigure 4 DV Positional identity of the rP1NPs-derived mature n
showed the expression of DV progenitor and mature markers in all
PAX7 and up-regulation of IRX3 and NKX2.2 in the N and S/N groups (
tiated neuronal cell (D and E). A representative picture of PAX7 from
immunocytochemistry showed significant expression of PAX7 (as a d
markers) in the N and S/N groups; LHX1 (LMCl marker) in the S/N gr
groups; and in relation to TUJ1-positive cells when compared with th
in each group) (F). TUJ1-positive cells contained the most HB9, ISL1 a
Pb0.01). a: Pb0.05, b: Pb0.01, c: Pb0.001. aC, bC, cC: Significant dif
aN, bN, CN: Significant difference vs. N group. aS/N, bS/N, CS/N: Signifwere washed with PBS before culturing. Mechanical selection
reduces contamination with non-neural cells, which can be
found in the vicinity of the rosettes. The cells were dissociated
into single cells with TrypLE™ Express (Invitrogen, 12604-021),
followed by gentle dissociation with a 1000 μl pipette tip.
Cells were then replated on PLO/Lam-coated tissue culture
dishes in the same medium (stage 5). After 6 days the cells
were passaged on new PLO/Lam plates with enzyme dissocia-
tion (passage 1=P1NPs). Cells were incubated under standard
conditions at 95% humidity and 5% CO2. Themediumwas chan-
ged every other day for 4 days. Passaging was performed only
at high cell densities; typically at 1:2 to 1:3 ratios with TrypLE
every 6 days.
Preparation of encapsulated alginate beads
containing somites and notochords
N and S were derived from chick embryos at stages 9–12 of
the Hamburger and Hamilton model as described in detail
by Sagha et al. (Anjomshoa et al., 2009a) (Supplementary
Fig. 1). Finally, 100 S and 10 N pieces were encapsulated
into alginate beads (5 beads) for 36×104 NPs in 24 well
plate (replicate≥14) as previously described (Anjomshoa
et al., 2009a). Alginate contains a natural linear polymer of
1,4-linked β-d-mannuronic acid (M) and α-lglucuronic acid
(G) with various compositional and sequential structures
(Reubinoff et al., 2001; Zhang et al., 2001) that make it a
suitable hydrogel for cell microencapsulation.
Co-culture with somites and notochords
P1NPs, 2 days after plating in expansion medium on PLO/Lam,
were co-cultured by S, N and/or both (S/N) in neural differen-
tiation medium that included DMEM/F12 and neurobasal (1:1)
supplemented with 1% pen/strep, 1% non-essential amino
acids, 2 mM L-glutamine, 0.1 mM β-mercaptoethanol and 2%
N2 (Invitrogen, 17502–048). After 7 days, the beads that con-
tained S and N were removed and the differentiating NPs were
allowed to undergo further differentiation for an additional of
5 days in the same medium (Fig. 3A). Half of the medium was
renewed every other day.
Immunofluorescence and flow cytometry analyses
Differentiated cells were washed in PBS and fixed with 4%
paraformaldehyde (Sigma-Aldrich, P6148) in phosphate buff-
ered saline (PBS) for 30 min. Permeabilization was carried
out by 0.2% Triton X-100 in PBS for 1 h. Primary antibodieseuronal cells after co-culturing with N and S. RT-PCR analysis
groups (A and B). Real time RT-PCR showed down-regulation of
n=3, c: Pb0.001) (C). Immunofluorescence staining of differen-
the C group and other pictures from the S/N group. Quantitative
orsal marker) in the C and S groups; HB9 and ISL1 (generic MN
oup; CHX10 and OLIG2 (as ventral markers) in the S, N and S/N
e C group and together (n=8, more than 500 cells were counted
nd LHX1-positive cells and were found in the S/N group (at least
ference vs. C group. aS, bS, cS: Significant difference vs. S group.
icant difference vs. S/N group.
Figure 5 Diagrammatic representation of transcription factors. Longitudinal section through developing neural tube in five vesicle
stages showing gene expression domains of OTX2 and HOXC genes that were expressed along the RC axis of the neural tube. These
domains are determined by signals that are secreted by adjacent tissues such as S, N. (A). Signals emerged from adjacent tissues
such as the dorsal ectoderm, S and N pattern the neural plate along DV axis and generate 6 sensory interneurons in dorsal region
and 4 ventral interneurons in addition to a MN domain in ventral region that at first, all of these 11 domains are progenitors and locate
beside ventricle and central canal then they migrate into the mantle region and generate mature neurons. Diagram showing the re-
gionalization of the six types of dorsal neurons (dl1–dl6) and the five types of ventral neurons (v0–v3+vMN) in the developing neural
tube in addition to the expression area of DV markers for each co-culture group. On the right are markers used to identify the pro-
genitor domains (in the ventricular region close to midline) and the markers which are used to identify the neuronal types (in the
mantle region where neurons differentiate) (B). Three dimensional illustration of spinal cord indicates HOXC expression domains
and MN clusters that subdivide into different motor columns along the RC axis, including the lateral motor column (LMC) and median
motor column (MMC) neurons (C). Each column expresses a unique combination of transcription factors [MMC: Medial motor column;
LMC: Lateral motor column (m: medial, l: lateral)]. LMC has two subdivisions, medial (LMCm) and lateral (LMCl) that are generated
only at the limb levels, nerve ventral and dorsal muscles of the limb, respectively (VLM and DLM). MMC can be divided into a medial
group which is found at all RC levels and projects to axial muscles as well as a lateral group, found only at thoracic levels and projecting
just to the body wall muscles. All MNs express the transcription factor HB9, but each pool can be defined by the expression of specific
combinations of homeodomain transcription factors: MMCm neurons express ISL1, ISL2 and LIM homeobox 3 (LHX3); LMCm neurons express
only ISL1 and ISL2; whereas LMCl neurons express ISL2 and LIM1 (C). Cross-section through brachial part of developing spinal cord and limb
bud showing the distribution of transcription factors expressed by subtypes of MNs and the targets they innervate (D).
130 H. Salehi et al.were applied in blocking buffer [10% goat serum and 1 mg/
ml bovine serum albumin (BSA, Sigma-Aldrich, A3311) in
PBS] for 1 h at 37 °C or overnight at room temperature.Secondary antibodies were applied to cells for 2 h at room
temperature. After two washes in PBS, 4,6-diamidino-2-phe-
nylindole (DAPI, Sigma-Aldrich, D8417) was applied for 3 min
131Regional Specific Identity of hESC-NPs by Notochord and Somitefor nuclear counterstaining and cells were observed under a
fluorescence microscope (Olympus, BX51, Japan). A quanti-
fication of the immunofluorescence experiment was esti-
mated by the percentage of positive cells in comparison to
the total cells as indicated by DAPI in the fields. For negative
controls, primary antibodies were omitted and the same
staining procedure was followed.For flow cytometric analysis, the fixed cells after per-
meabilization were incubated with a primary antibody and
isotype-matched control (Chemicon, CBL600) for 1 h at
37 °C. Cells were then washed and incubated with a second-
ary antibody. Flow cytometric analysis was performed with a
BD-FACSCalibur flow cytometer (Becton Dickinson). The ex-
periments were replicated three times and the acquired
data was analyzed with WinMDI software. Primary and sec-
ondary antibodies are presented in Supplementary Table 1.RT-PCR and real time RT-PCR for gene
expression analysis
Total RNA was extracted from cultured cells using the QIA-
prep Spin Miniprep kit (QIAGEN, 27106) according to the
manufacturer's protocol. Prior to reverse transcription
(RT), RNA samples were treated with DNase I (Fermentas,
EN0521) to remove contaminating genomic DNA. Standard
RT was performed using 2 μg total RNA, oligo (dT) 18 and
the RevertAidTM H Minus First Strand cDNA Synthesis kit
(Fermentas, K1622) according to the manufacturer's instruc-
tions. Primer sequences, annealing temperature(s), number of
cycles and the lengths of amplified products are shown in Sup-
plementary Table 2. Amplification conditions were as follows:
initial denaturation at 94 °C for 5 min followed by 35 cycles
of denaturation at 94 °C for 30 s, annealing for 45 s and exten-
sion for 45 s at 72 °C and a final polymerization at 72 °C for
10 min. PCRs were performed in triplicate. PCR products
were analyzed by gel electrophoresis on 1.7% or 2% agarose
and stained with ethidium bromide (10 μg/ml), visualized and
photographed on a UV transilluminator (Uvidoc, UK). The CNS
RNA of a 20 week old human embryowas used as a positive con-
trol for RT-PCR analysis.
Real time RT-PCR was performed using a Thermal Cycler
Rotor gene 6000 (Corbett) with 10 μl SYBR Green PCR Master
Mix (Takara), 5 pM of each primer and 50 ng cDNA for each
reaction in a final volume of 20 μl. Cycle conditions were
carried out according to the protocol (Takara). Relative
gene expression was analyzed using the comparative Ct
method, 2−ΔΔCt (Schmittgen, 2001). All samples were nor-
malized to the levels of GAPDH, which was used as the load-
ing control. All measurements were done in triplicate. Real-
time specific primer pairs (Supplementary Table 3) were
designed by Beacon software (Version 7.2, USA).Statistical analyses
Quantitative immunostaining and RT-PCR experiments were
replicated eight and three times, respectively. Quantitative
immunofluorescence and qRT-PCR data were presented as
mean±SD. One-way ANOVA followed by post hoc multiple
group comparison, Tukey test and independent-samples t-test
were used to analyze group differences of the data collectedfrom immunofluorescence staining. A difference between the
groups was considered statistically significant at Pb0.05.
Supplementary materials related to this article can be
found online at doi:10.1016/j.scr.2011.08.008.
Author contributions
The author(s) have made the following declarations about
their contributions: Conceived and designed the experi-
ments: MHN HB. Performed the experiments: HS KK AS
AK. Analyzed the data: HS KK MHN HB. Wrote the paper:
MHN HB.
Acknowledgment
This study was funded by grants provided from the Royan
Institute.
References
Jones, E.A., Woodland, H.R., 1989. Spatial aspects of neural induction
in Xenopus laevis. Development 107, 785–791.
Hemmati-Brivanlou, A., Stewart, R.M., Harland, R.M., 1990. Region-
specific neural induction of an engrailed protein by anterior noto-
chord in Xenopus. Science 250, 800–802.
Vincent Tropepe, S.H., Christian, Sirard, Janet, Rossant, Mak, Tak W.,
van der Kooy, Derek, 2001. Direct neural fate specification from
embryonic stem cells: a primitive mammalian neural stem. Neuron
30, 65–78.
Pankratz, M.T., Li, X.J., Lavaute, T.M., Lyons, E.A., Chen, X.,
Zhang, S.C., 2007. Directed neural differentiation of human em-
bryonic stem cells via an obligated primitive anterior stage.
Stem Cells 25, 1511–1520.
Stern, C., 2001. Initial patterning of the central nervous system:
how many organizers? Nat. Rev. Neurosci. 2, 92–98.
Londin, J.N.a.H.S., ER, Chordin, 2005. FGF signaling, and mesodermal
factors cooperate in zebra fish neural induction. Dev. Biol. 279,
1–19.
Weinstein, H.-B.A.a.D., 1997. Neural induction in Xenopus laevis:
evidence for the default model. Curr. Opin. Neurobiol. 7, 7–12.
Wittler, K.M.A.L., 2004. The acquisition of neural fate in the chick.
Mech. Dev. 121, 1031–1042.
Temple, S., 2001. The development of neural stem cells. Nature 414,
112–117.
Koch, T.O.P., Steinbeck, J.A., Ladewig, J., Brustle, O., 2009. A
rosette-type, self-renewing human ES cell-derived neural stem
cell with potential for in vitro instruction and synaptic integration.
PNAS 106, 3225–3230.
Yiping Yan, D.Y., Zarnowska, Ewa D., Zhongwei, Du, Brian, Werbel,
Chuck, Valliere, Pearce, Robert A., Thomson, James A., Su-Chun,
Zhang, 2005. Stem cells directed differentiation of dopaminergic
neuronal subtypes from human embryonic. Stem Cells 23, 781–790.
Barberi, T., Klivenyi, P., Calingasan, N.Y., Lee, H., Kawamata, H.,
Loonam, K., Perrier, A.L., Bruses, J., Rubio, M.E., Topf, N., et
al., 2003. Neural subtype specification of fertilization and nuclear
transfer embryonic stem cells and application in parkinsonian
mice. Nat. Biotechnol. 21, 1200–1207.
Bjorklund, L.M., Sanchez-Pernaute, R., Chung, S., Andersson, T., Chen,
I.Y., McNaught, K.S., Brownell, A.L., Jenkins, B.G., Wahlestedt, C.,
Kim, K.S., 2002. Embryonic stem cells develop into functional
dopaminergic neurons after transplantation in a Parkinson rat
model. Proc. Natl. Acad. Sci. U.S.A. 99, 2344–2349.
Hoane, M.R., Becerra, G.D., Shank, J.E., Tatko, L., Pak, E.S., Smith,
M., Murashov, A.K., 2004. Transplantation of neuronal and glial
132 H. Salehi et al.precursors dramatically improves sensorimotor function but not
cognitive function in the traumatically injuredbrain. J. Neurotrauma
21, 163–174.
Kim, J.H., Auerbach, J.M., Rodriguez-Gomez, J.A., Velasco, I., Gavin,
D., Lumelsky, N., Lee, S.H., Nguyen, J., Sanchez-Pernaute,
R., Bankiewicz, K., et al., 2002. Dopamine neurons derived from
embryonic stem cells function in an animal model of Parkinson's dis-
ease. Nature 418, 50–56.
Hossein Salehi, K.K., Shahnaz, Razavi, Somaieh, Tanhaee, Marziyh,
Nematollahi, Mohsen, Sagha, Mohammad Hossein, Nasr-Esfahani,
Hossein, Baharvand, 2011. Neuronal induction and regional identity
by co-culture of adherent human embryonic stem cells with chicken
notochords and somites. Int. J. Dev. Biol. 55, 321–326.
Sagha, M., Karbalaie, K., Tanhaee, S., Esfandiari, E., Salehi, H.,
Sadeghi-Aliabadi, H., Razavi, S., Nasr-Esfahani, M.H., Baharvand,
H., 2009a. Neural induction in mouse embryonic stem cells by co-
culturing with chicken somites. Stem Cells Dev. 18, 1351–1360.
Baharvand, H., 2009. Generation of motor neurons by co-culture of
retinoic acid-pretreated embryonic stem cells with chicken noto-
chords. Stem Cells Dev. 18, 259–267.
Kai-Christian Sonntag, J.P., Takahito, Yoshizaki, Joris Van, Arensbergen,
Rosario, Sanchez-Pernaute, Ole, Isacson, 2007. Enhanced yield of
neuroepithelial precursors and midbrain-like dopaminergic neurons
from human embryonic stem cells using the bone morphogenic pro-
tein antagonist noggin. Stem Cells 25, 411–418.
Lesley Gerrard, L.R., Wei, Cui, 2005. Differentiation of human embry-
onic stem cells to neural lineages in adherent culture by blocking
bone morphogenetic protein signaling. Stem Cells 23, 1234–1241.
Pavel Itsykson, N.I., Tikva, Turetsky, Goldstein, Ronald S., Pera, Martin
F., Ianai, Fishbein, Menahem, Segal, Reubinoff, A.B.E., 2005. Der-
ivation of neural precursors from human embryonic stem cells in
the presence of noggin. Mol. Cell. Neurosci. 30, 24–36.
Reubinoff, B.E., Itsykson, P., Turetsky, T., Pera, M.F., Reinhartz,
E., Itzik, A., Ben-Hur, T., 2001. Neural progenitors from human
embryonic stem cells. Nat. Biotechnol. 19, 1134–1140.
Zhang, S.C., Wernig, M., Duncan, I.D., Brustle, O., Thomson, J.A.,
2001. In vitro differentiation of transplantable neural precursors
from human embryonic stem cells. Nat. Biotechnol. 19, 1129–1133.
Schuldiner, M., Eiges, R., Eden, A., Yanuka, O., Itskovitz-Eldor, J.,
Goldstein, R.S., Benvenisty, N., 2001. Induced neuronal differenti-
ation of human embryonic stem cells. Brain Res. 913, 201–205.
Shin, S., Mitalipova, M., Noggle, S., Tibbitts, D., Venable, A., Rao,
R., Stice, S.L., 2006. Long-term proliferation of human embryon-
ic stem cell-derived neuroepithelial cells using defined adherent
culture conditions. Stem Cells 24, 125–138.
Perrier, A.L., Tabar, V., Barberi, T., Rubio, M.E., Bruses, J., Topf,
N., Harrison, N.L., Studer, L., 2004. Derivation of midbrain dopa-
mine neurons from human embryonic stem cells. Proc. Natl.
Acad. Sci. U.S.A. 101, 12543–12548.
Hatami, M., Mehrjardi, N.Z., Kiani, S., Hemmesi, K., Azizi, H., Shahverdi,
A., Baharvand, H., 2009. Human embryonic stem cell-derived
neural precursor transplants in collagen scaffolds promote
recovery in injured rat spinal cord. Cytotherapy 11,
618–630.
Chambers, S.M., Fasano, C.A., Papapetrou, E.P., Tomishima,
M., Sadelain, M., Studer, L., 2009. Highly efficient neural
conversion of human ES and iPS cells by dual inhibition of
SMAD signaling. Nat. Biotechnol. 27, 275–280.
Isabelle, A.J., Bouhon, A., Hidemasa, Kato, Siddharthan, Chandran,
Allen, Nicholas D., 2006. Embryonic stem cell-derived neural
progenitors display temporal restriction to neural patterning.
Stem Cells 24, 1908–1913.
Liu, J.P., Laufer, E., Jessell, T.M., 2001. Assigning the positional identity
of spinal motor neurons: rostrocaudal patterning of Hox-c expression
by FGFs, Gdf11, and retinoids. Neuron 32, 997–1012.
Kiecker, C., Niehrs, C., 2001. A morphogen gradient of Wnt/beta-
catenin signalling regulates anteroposterior neural patterning
in Xenopus. Development 128, 4189–4201.Nieuwkoop, N.G., PD, 1954. Neural activation and transformation in
explants of competent ectoderm under the influence of frag-
ments of anterior notochord in Urodeles. J. Embryol. Exp.
Morph. 2, 175–193.
Briscoe, J., Pierani, A., Jessell, T.M., Ericson, J., 2000. A homeodo-
main protein code specifies progenitor cell identity and neuronal
fate in the ventral neural tube. Cell 101, 435–445.
Briscoe, J., Ericson, J., 2001. Specification of neuronal fates in the
ventral neural tube. Curr. Opin. Neurobiol. 11, 43–49.
Helms, A.W.A.J., J. E., 2003. Specification of dorsal spinal cord in-
terneurons. Curr. Opin. Neurobiol. 13, 42–49.
Jessell, T.M., 2000. Neuronal specification in the spinal cord: in-
ductive signals and transcriptional codes. Nat. Rev. Genet. 1,
20–29.
Diez del Corral, R., Storey, K.G., 2004. Opposing FGF and retinoid
pathways: a signalling switch that controls differentiation and
patterning onset in the extending vertebrate body axis. Bioes-
says 26, 857–869.
Sugie, M.Y., Ouji, Y.Y., Saito, K., Moriya, K., Ishizaka, S., Matsuura,
T., Maruoka, S., Nawa, Y., Hara, Y., 2005. Photoreceptor cells
from mouse ES cells by co-culture with chick embryonic retina.
Biochem Biophys Res Commun 332, 241–247.
Erstesvag, H., Valla, S., 1998. Biosynthesis and applications of algi-
nates. Polym. Degrad. Stabil. 98, 85–91.
Skjak-Braek, G., Smidsrod, O., 1990. Alginate as immobilization ma-
trix for cells. Trends Biotechnol. 8, 71–78.
Placzek, T.J.A.J.D., M, 1993. Induction of floorplate differentiation
by contact-dependent, homeogenetic signals. Development 117,
205–218.
Van Straaten HW, J.H., HW, Beursgens, J.P., TerwindtRouwenhorst,
E., Drukker, J., 1989. Effect of the notochord on proliferation
and differentiation in the neural tube of the chick embryo. De-
velopment 107, 793–803.
Freitas, C., Rodrigues, S., Charrier, J.B., Teillet, M.A., Palmeirim,
I., 2001. Evidence for medial/lateral specification and positional
information within the presomitic mesoderm. Development 128,
5139–5147.
Van Straaten, J.W., Hekking, H.W., 1991. Development of floor plate,
neurons and axonal outgrowth pattern in the early spinal cord of
the notochord-defi cient chick embryo. Anat. Embryol. 184, 55–63.
Jordi Cayuso, F.U., Barny, Cox, James, Briscoe, Elisa, Martí, 2005.
The Sonic hedgehog pathway independently controls the pat-
terning, proliferation and survival of neuroepithelial cells by reg-
ulating Gli activity. Development 133, 517–528.
Wijgerde, M., McMahon, J., Rule, M., McMahon, A.P., 2002. A direct
requirement for Hedgehog signaling for normal specification of
all ventral progenitor domains in the presumptive mammalian
spinal cord. Genes Dev. 16, 2849–2864.
Anjomshoa, M., Karbalaie, K., Mardani, M., Razavi, S., Tanhaei, S.,
Nasr-Esfahani, M.H., Baharvand, H., 2009a. Generation of motor
neurons by coculture of retinoic acid-pretreated embryonic stem
cells with chicken notochords. Stem Cells Dev. 18, 259–267.
Maden, M., 2006. Retinoids and spinal cord development. J. Neuro-
biol. 66, 726–738.
Lewis, K.E., 2006. How do genes regulate simple behaviours? Under-
standing how different neurons in the vertebrate spinal cord are
genetically specified. Philos. Trans. R. Soc. Lond. B Biol. Sci.
361, 45–66.
Prince, V.E., Price, A.L., Ho, R.K., 1998. Hox gene expression re-
veals regionalization along the anteroposterior axis of the zebra-
fish notochord. Dev. Genes Evol. 208, 517–522.
Itasaki, N., Sharpe, J., Morrison, A., Krumlauf, R., 1996a. Reprogram-
ming Hox expression in the vertebrate hindbrain: influence of
paraxial mesoderm and rhombomere transposition. Neuron 16,
487–500.
Deschamps, J., van Nes, J., 2005. Developmental regulation of the
Hox genes during axial morphogenesis in the mouse. Develop-
ment 132, 2931–2942.
133Regional Specific Identity of hESC-NPs by Notochord and SomiteNiederreither, K., Vermot, J., Schuhbaur, B., Chambon, P., Dolle,
P., 2000. Retinoic acid synthesis and hindbrain patterning in
the mouse embryo. Development 127, 75–85.
Gould, A., Itasaki, N., Krumlauf, R., 1998a. Initiation of rhombo-
meric Hoxb4 expression requires induction by somites and a ret-
inoid pathway. Neuron 21, 39–51.
Dupe, V., Lumsden, A., 2001. Hindbrain patterning involves graded re-
sponses to retinoic acid signalling. Development 128, 2199–2208.
Alex Gould, N.I., Krumlauf, Robb, 1998. Initiation of rhombomeric
Hoxb4 expression requires induction by somites and a retinoid
pathway. Neuron 21, 39–51.
Gayana, S.H., Amirthalingam, S., Susana, Alvarez, de Lera, Angel
R., Nobue, Itasaki, 2009. Regulation of Hoxb4 induction after
neurulation by somite signal and neural competence. BMC Dev.
Biol. 9, 1–18.
Gould, I.N., A, Krumlauf, R., 1998b. Initiation of rhombomeric
Hoxb4 expression requires induction by somites and a retinoid
pathway. Neuron 21, 39–51.
Itasaki, S.J., N, Morrison, A., Krumlauf, R., 1996b. Reprogramming
Hox expression in the vertebrate hindbrain: influence of paraxial
mesoderm and rhombomere transposition. Neuron 16, 487–500.
Sagha, K.K., M, Tanhaei, S., Esfandiari, E., Salehi, H., Sadeghi-Alia-
badi, H., Razavi, S., Nasr-Esfahani, M.H., Baharvand, H., 2009b.
Neural induction in mouse embryonic stem cells by co-culturing
with chicken somites. Stem Cells Dev. 18, 1351–1360.
Valérie Dupé, A.L., 2001. Hindbrain patterning involves graded re-
sponses to retinoic acid signalling. Development 128, 2199–2208.
Erceg, S., Lainez, S., Ronaghi, M., Stojkovic, P., Perez-Arago, M.A.,
Moreno-Manzano, V., Moreno-Palanques, R., Planells-Cases, R.,
Stojkovic, M., 2008. Differentiation of human embryonic stem
cells to regional specific neural precursors in chemically defined
medium conditions. PLoS One 3, e2122.
Berggren, K., Steinberg, T.H., Lauber, W.M., Carroll, J.A., Lopez,
M.F., Chernokalskaya, E., Zieske, L., Diwu, Z., Haugland, R.P.,
Patton, W.F., 1999. A luminescent ruthenium complex for ultra-
sensitive detection of proteins immobilized on membrane sup-
ports. Anal. Biochem. 276, 129–143.
Moeller, C., Swindell, E.C., Kispert, A., Eichele, G., 2003. Carboxy-
peptidase Z (CPZ) modulates Wnt signaling and regulates the de-
velopment of skeletal elements in the chicken. Development
130, 5103–5111.
Maden, M., Sonneveld, E., van der Saag, P.T., Gale, E., 1998. The
distribution of endogenous retinoic acid in the chick embryo: im-
plications for developmental mechanisms. Development 125,
4133–4144.
Doniach, T., 1993. Planar and vertical induction of anteroposterior
pattern during the development of the amphibian central ner-
vous system. J. Neurobiol. 24, 1256–1275.
Michael, C.L.-J., Matise, P., 1996. A critical period for the specifica-
tion of motor pools in the chick lumbosacral spinal cord. Devel-
opment 122, 659–669.
Ruiz i Altaba, A., 1993. Induction and axial patterning if the neural
plate: planar and vertical signals. J. Neurobiol. 24, 1276–1304.
Echelard, Y., Epstein, D.J., St-Jacques, B., Shen, L.J., McMahon,
J.A., McMahon, A.P., 1993. Sonic hedgehog, a member of a
family of putative signaling molecules, is implicated in the
regulation of CNS polarity. Cell 75, 1417–1430.
Parr, B.A., Shea, M.J., Vassileva, G., McMahon, A.P., 1993. Mouse
Wnt genes exhibit discrete domains of expression in the early
embryonic CNS and limb buds. Development 119, 247–261.
Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S.,
Ruiz i Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., Jessell,
T.M., et al., 1994. Floor plate and motor neuron induction by
vhh-1, a vertebrate homolog of hedgehog expressed by the noto-
chord. Cell 76, 761–775.
Jeh-Ping Liu, E.L., Jessell, Thomas M., 2001. Assigning the positional
identity of spinal motor neurons: rostrocaudal patterning of Hox-c
expression by FGFs, Gdf11, and retinoids. Neuron 32, 997–1012.Mathis, L., Kulesa, P.M., Fraser, S.E., 2001. FGF receptor signalling
is required to maintain neural progenitors during Hensen's node-
progression. Nat. Cell Biol. 3, 559–566.
Sockanathan, S., Jessell, T.M., 1998. MN-derived retinoid signaling
specifies the subtype identity of spinal MNs. Cell 94, 503–514.
R.K., Lumsden, A., 1996. Patterning the vertebrate neuraxis. Sci-
ence 274, 1109–1115.
Tanabe, T.J., Y, 1996. Diversity and pattern in the developing spinal
cord. Science 274, 1115–1123.
Yamada, M.P., Tanaka, T.H., Dodd, J., Jessell, T.M., 1991. Control
of cell pattern in the developing nervous system: polarizing ac-
tivity of the floor plate and notochord. Cell 64, 635–647.
Anjomshoa, K.K.M., Mardani, M., Tanhaei, S., Razavi, S., Nasr-Esfahani,
M.H., Baharvand, H., 2009b. Generation of motor neurons by co-
culture of retinoic acid-pretreated embryonic stem cells with chick-
en notochords. Stem Cells Dev. 18, 55–63.
Bovolenta, J.D., P, 1991. Perturbation of neuronal differentiation
and axon guidance in the spinal cord of mouse embryos lacking
a floor plate: analysis of Danforth's short-tail mutation. Develop-
ment 113, 625–639.
Clarke, J., 1991. Neuroanatomical and functional analysis of neural
tube formation in notochordless Xenopus embryos; laterality of
the ventral spinal cord is lost. Development 112, 499–516.
Hirano, S.F.A.G.S., S., 1991. The effect of the floor plate on pattern
and polarity in the developing central nervous system. Science
251, 310–313.
Placzek, M.T.-L., M, Jessell, T., Dodd, J., 1990. Orientation of com-
missural axons in vitro in response to a floor plate-derived che-
moattractant. Development 110, 19–30.
Leigh Wilson, M.M., 2005. The mechanisms of dorsoventral pattern-
ing in the vertebrate neural tube. Dev. Biol. 282, 1–13.
Monica Ensini, T.N.T., Heinz-Georg, Belting, Jessell, Thomas M.,
1998. The control of rostrocaudal pattern in the developing spi-
nal cord: specification of motor neuron subtype identity is initi-
ated by signals from paraxial mesoderm. Development 125,
969–982.
Iwasaki, M., Okada, K., Tsumaki, N., Obata, H., Shirasaki, N., Oka,
S., 1996. Cervical spondylotic radiculopathy involving two adja-
cent nerve roots. Anterior decompression through a single level
intervertebral approach. Int. Orthop. 20, 137–141.
Di Giorgio, F.P., Boulting, G.L., Bobrowicz, S., Eggan, K.C., 2008.
Human embryonic stem cell-derived motor neurons are sensitive
to the toxic effect of glial cells carrying an ALS-causing muta-
tion. Cell Stem Cell 3, 637–648.
Shin, S., Dalton, S., Stice, S.L., 2005. Human motor neuron differentia-
tion from human embryonic stem cells. Stem Cells Dev. 14, 266–269.
Dritan Agalliu, S.T., Ilir, Agalliu, McMahon, Andrew P., Jessell,
Thomas M., 2009. Motor neurons with axial muscle projections
specified by Wnt4/5 signaling. Neuron 61, 708–720.
Christopher, Y.T.A.T.M.J., William, M., 2003. Regulation of motor
neuron subtype identity by repressor activity of Mnx class home-
odomain proteins. Development 130, 1523–1536.
Baharvand, H., Ashtiani, S.K., Taee, A., Massumi, M., Valojerdi,
M.R., Yazdi, P.E., Moradi, S.Z., Farrokhi, A., 2006. Generation
of new human embryonic stem cell lines with diploid and trip-
loid karyotypes. Dev. Growth Differ. 48, 117–128.
Pakzad, M.T. Mohammad, Adeleh, Taei, Seifinejad, Ali, Hassani,
Seyedeh Nafiseh, Baharvand, Hossein, 2010. Presence of a
ROCK inhibitor in extracellular matrix supports more undifferen-
tiated growth of feeder-free human embryonic and induced plu-
ripotent stem cells upon passaging. Stem Cell Rev. 6, 96–107.
Baharvand, H., Mehrjardi, N.Z., Hatami, M., Kiani, S., Rao, M.,
Haghighi, M.M., 2007. Neural differentiation from human embry-
onic stem cells in a defined adherent culture condition. Int. J.
Dev. Biol. 51, 371–378.
Schmittgen, L.K.A.T., 2001. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(−Delta Delta C
(T)) Method. Methods 25, 402–408.
